We report details of our ab-initio, self-consistent density functional theory (DFT) calculations of electronic and related properties of wurtzite beryllium oxide (w-BeO). Our calculations were performed using a local density approximation (LDA) potential and the linear combination of atomic orbitals (LCAO) formalism. Unlike previous DFT studies of BeO, the implementation of the Bagayoko, Zhao, and Williams (BZW) method, as enhanced by the work of Ekuma and Franklin (BZW-EF), ensures the full physical content of the results of our calculations, as per the derivation of DFT. We present our computed band gap, total and partial densities of states, and effective masses. Our direct band gap of 10.30 eV, reached by using the experimental lattice constants of a = 2.6979 Å and c = 4.3772 Å at room temperature, agrees very well the experimental values of 10.28 eV and 10.3 eV. The hybridization of O and Be p states in the upper valence bands, as per our calculated, partial densities of states, are in agreement with corresponding, experimental findings.
Introduction
Beryllium oxide, also known as beryllia, has attracted much interest due to its current and potential applications. Second only to diamond among electrically insulating materials, BeO is an excellent thermal conductor with a measured room temperature band gap of as high as an estimated 10.63 eV [1] and as low as [2] and a relatively low dielectric constant. These properties make it an ideal candidate for next generation dielectrics in high performance, semiconductor devices. BeO is also a mechanically robust material that can be used in transparent coatings for telescope mirrors. Owing to its sensitivity in the Schumann region of the electromagnetic spectrum and resistance to radiation, BeO can be used for electronics in low-earth orbiting (LEO) and outer space applications to monitor global events from lightning activity and earthquake prediction to variations of water vapor in the atmosphere which may impact global temperatures.
Several sources have reported results of experimental studies of w-BeO as indicated in Table 1 . C. Peterson et al. [3] measured the transmittance of a single-crystal BeO at 300 K, they observed zero transmittance at 10.3 eV. Bellamy et al. [4] used precise X-ray methods in their measurements. The lattice parameters of the sample were determined, at 21˚C, more accurately using a least squares method; they reported values of a = 2.6979 ± 0.001 Å and c = 4.3772 ± 0.0002 Å.
The group led by Roessler [1] employed normal-incidence reflectance on a single crystal of w-BeO. They made their reflectance measurements at 300 K and near-normal incidence. They found that BeO has a wurtzite structure with a hexagonal prismatic Brillouin zone and a direct band gap estimated to be 10.63 ± 0.10 eV. Measurement of the polarization-dependent reflectance spectra of BeO for phonon energies 0.6 < ħω < 30 was performed by Freeouf [2] using a synchrotron radiation and standard light sources and obtained a gap of 10.30 eV. An energy gap of 10.28 eV was obtained for the electric field parallel and perpendicular to the c axis. Grundler and co-workers [5] performed energy loss measurements on amorphous and polycrystalline BeO thin films, applying 25 KeV electrons, and reported a band gap of 9.6 eV; we note that this result does not pertain to a bulk, single crystal w-BeO, the system under study here. The discrepancies between the experimental values reported for w-BeO, ranging from 10.28 to 10.63 eV, are likely due to the differences in growth conditions and the related quality of the samples and uncertainties associated with measurement techniques. While the band gap is somewhat established experimentally, previous theoretical calculations reported band gaps over a wide range. The calculated values disagree among themselves and with experiment as can be seen in Table 2 ab-initio LDA potential [6] - [12] , the calculated band gap of w-BeO is between 7.0 eV and 7.63 eV. Baumeier et al. [8] employed norm-conserving pseudopotentials and self-interaction corrections (SIC) and reach a band gap of 10.5 eV. Given the above theoretical results, listed in Table 2 , our motivation in this work is to contribute to the resolution of the long-standing underestimation of the energy gap of BeO by ab-initio DFT calculations. The current and growing potential applications of beryllium oxide add to this motivation. Indeed, BeO is a special alkali earth oxide; it crystallizes in wurtzite structure at room temperature while other alkali earth oxides crystallize in rock salt structure at the same temperature [23] - [38] . The ionic bonding in BeO is reported to have some covalent features. Due to these unusual features, BeO has low electrical conductivity, a high thermal conductivity, a high melting point and is the hardest material among alkali earth oxides [26] . These characteristics make it interesting for electronic, nuclear, aerospace, and electro-technical applications [39] . We explain in the subsequent section details of our computational method.
Method and Computational Details
More details about our computational approach are available in previous articles [40] - [49] . We used the Ceperley and Alder LDA potential [50] with the parameterization of Vosko and his group [51] , the LCAO and the BZW method, as enhanced by Ekuma and Franklin (BZW-EF) [52] . Both the BZW and BZW-EF employ successive augmentation of the initial, small basis set, by one orbital at a time, to execute several self-consistent calculations. The difference between the BZW and BZW-EF methods is the methodical increase of the basis set. In the BZW method, the basis set is increased by adding orbitals in the order of augmenting, unoccupied energies (in atomic or ionic species). As explained by Bagayoko [41] , in systems with two or more atoms, the polarization of p, d and f orbitals has primacy over the spherical symmetry of s orbitals, for the valence electrons. In the BZW-EF method, a basis set is increased in such a way that, for any principal quantum number n, the p, d, and f orbitals, if applicable, are added before the corresponding s orbital of that quantum number.
We used a computer program originated in the US Department of Energy's Ames Laboratory, in Iowa, to perform non-relativistic calculations. We first performed the LCAO self-consistent calculations of the electronic energy at the atomic or ionic level of the material being investigated. These species are Be 2+ and O 2− . Our choice was based on the results of preliminary calculations for w-BeO using neutral atoms. The preliminary results showed a transfer of approximately two electrons from Be to O. We subsequently performed ab-initio;
self-consistent calculations to determine the atomic basis set to be used in the solid-state calculations for Be 2+ and O 2− .
As per by the BZW-EF method, our self-consistent calculations began with a small basis set that contained the minimum basis set (MBS); the MBS is the one Details of our computational method for a replication of our calculations follow. BeO is an element of the space group P6 3 mc and have the hexagonal wurtzite structure [54] . There are two atoms of each kind in the unit cell and they are assigned to the special position 2(b) so that Be atoms occupy the sites 1 2 , ,0 3 3 . After the attainment of self-consistency with the optimal basis set, we produced the final bands using 141 k-points in the Brillouin zone. We subsequently utilized 320 k points for the calculations of the total and partial densities of states. We also obtained effectives masses using fits around the minimum and maxima of the conduction and valence bands, respectively. Table 3 below shows the successive calculations performed with the goal of reaching the absolute minima of the occupied energies. The band gap, generally, can decrease or increase before one reaches the optimal basis set.
Results
The DFT description of the electronic properties of w-BeO is provided by the band structure in Figure 1 below. These bands were obtained from Calculation II, the one for which the valence bands reach their absolute minima. The resulting, calculated band gap is 10.296 eV or 10.30 eV. The extra decreasing of some Table 3 . Successive calculations from the BZW-EF method for w-BeO (Calculations I-IV). In these calculations, the lattice constants used are a = 2.6979 Å and c = 4.3772 Å, at room temperature. Calculation II led to the absolute minima of the occupied energies. The band gaps in Column 5 are direct ones, except the one in the last row, from Calculation 6. The total density (DOS) and partial density (pDOS) of states, obtained from the bands from Calculation II (with the optimal basis set) are given in Figure 2 and Figure 3 , respectively. The total valence bandwidth is 18.773 eV, as derived from the band structure in Figure 1 and the eigenvalues in Table 3 We provide, in Table 4 below, a listing of the valence and low-laying conduction band energies at high symmetry points. We expect this table to enable Figure 3 . Calculated, partial density of states (p-DOS) as derived from the bands from Calculation II. 
Discussion
The content of Table 2 , as opposed to our calculated band gap of 10.30 eV, raises the question as to possible reasons for the serious underestimation by the previous ab-initio calculations. From the description of our method, it is apparent that heeding the second DFT theorem requires an energy minimization far beyond the linear minimization attainment with self-consistent iterations using a single basis set. We have not seen any indication, in the pertinent articles, that any of the nine (9) ab-initio LDA and eleven (11) ab-initio GGA calculations in Table 2 calculation with a hybrid potential, in Table 2 , led to agreement with experiment, these efforts do not resolve the underestimation problem due to the ad hoc nature of the implementation of SIC and of a hybrid functional potentials [40] . In fact, the corresponding potentials are not entirely DFT potentials, as they cannot be obtained, from first principle, as functional derivatives of ab-initio exchange correlation energies.
Conclusions
We have described the ground state electronic and related properties of w-BeO by using the BZW-EF method. It ensures the full physical content of calculated quantities by adhering to the pertinent DFT theorem. Unlike previous ab-initio calculations, our calculated energy gap of 10.30 eV is in agreement with experiment. Our calculated density of states (DOS) and partial density of states (p-DOS) are in good agreement with results from electron momentum spectroscopy (EMS). We expect future measurements to confirm our findings. To the best of our knowledge, no measurements of the electron effective masses are available for comparison with our calculated ones.
Our findings for w-BeO illustrate the effectiveness of the BZW-EF method to describe accurately electronic and related properties of semiconductors and insulators, using DFT potentials. We recall that the method: 1) searches and obtains the absolute minima of the occupied energies, and 2) avoids very large basis sets that are over-complete for the description of the ground state. The second DFT theorem requires this search. Hence, future DFT calculations should search for and attain verifiably the absolute minima of the occupied energies of systems under study, and avoid over-complete basis-sets, in order to produce results with the full, physical content of DFT and that agree with experiment.
